Many passerines lay protoporphyrin-pigmented eggs, and the degree of spotting seems to be related to female condition and environmental characteristics. However, most studies have ignored the relationship between the male's quality and eggshell pigmentation. Because ornaments can act as honest indicators of individual quality, spottiness could be related to the parents' feather colouration. Using models of bird vision, we investigated whether male and female ornamentation explained variation in spotting coverage in a free-living population of blue tits (Cyanistes caeruleus). We also explored the associations between other important individual characteristics (i.e. the pair's infection status) and spotting coverage. Females that laid more pigmented eggs suffered from higher parasitaemia by the blood parasite Leucocytozoon and had smaller clutches, more saturated yellow breast feathers and reduced body mass. Male plumage colour and infection status explained a higher percentage of the variation in eggshell pigmentation than female characteristics. Males that had more saturated white cheeks and less saturated yellow breasts and were more intensely infected by the parasite Haemoproteus and less by Plasmodium attended nests with more spotted eggs. Additionally, these males were younger and more likely to father extra-pair offspring. These results, although observational, suggest that male attractiveness, male age, extra-pair paternity and parasitic infections could be important determinants of eggshell pigmentation. Males in poorer condition might have provided less food to laying females, which in turn laid more pigmented eggs and were also in poor condition. Alternatively, increased eggshell pigmentation could result from female differential allocation or breeding in low-quality territories.
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Significance statement
Birds exhibit diverse egg colours and patterns, and these may vary in response to environmental characteristics, such as calcium availability, or female condition. The male's characteristics may also partially determine egg appearance, although these remain understudied. In the blue tit, our results suggest that females laid more pigmented eggs when they were paired with males that cheated, were paler in their feather colour, and were more infected by parasites. These females were also in poor condition. Several hypotheses are proposed to explain the associations between male quality and the degree of spotting coverage on the eggshell. Because these males were in poorer condition, females could have been given less food and thus laid worse eggs or low-quality pairs could be breeding in lowquality territories. Alternatively, females could allocate more pigments to the eggshell depending on the male's quality.
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Introduction
Females of many passerine species lay eggs with reddishbrown spots that are pigmented by natural porphyrins (McGraw 2006a) . These pigments could play a major role in ensuring the successful development of the avian embryo (Maurer et al. 2011; Lahti and Ardia 2016) . In passerines, variation in maculation has a significant genetic basis (Gosler et al. 2000) , but the pattern and quantity of spots are also affected by female condition (Moreno and Osorno 2003; Martínez-de la Puente et al. 2007; Giordano et al. 2015) , laying order (De Coster et al. 2013 ) and calcium availability (Gosler et al. 2005; García-Navas et al. 2011) . Even within a single species, there can be great variation in eggshell spottiness between female clutches (Gosler et al. 2000) . Differences in pigment deposition with respect to the male's characteristics, however, remain unclear.
In species with male courtship feeding, female condition could be influenced by their mates' ability to provide food (Otter et al. 2007; Martínez-Padilla et al. 2010) . In fact, males may invest differently in courtship feeding depending on the female's characteristics, which in turn could affect female condition and egg laying. The relationship between spottiness and male quality in the wild has been explored, but yielded contradictory results. Studies in passerines have shown that females laid more pigmented eggs when mated to lowerquality males (Martínez-de la Puente et al. 2007; Hargitai et al. 2008) , whereas a study on Eurasian kestrels (Falco tinnunculus) found the opposite: more ornamented females laid more spotted eggs when mated to males in better condition (Martínez-Padilla et al. 2010) . In blue tits (Cyanistes caeruleus), pigment distribution on the eggshell has been shown to be positively associated with male provisioning rates and male body mass (Sanz and García-Navas 2009) . However, additional studies exploring whether multiple male characteristics relate to eggshell pigmentation are needed.
The relationship between female quality and eggshell pigmentation has been extensively studied, but it is far from clear. The female's nutritional condition is particularly important during egg formation and egg laying, and it can affect egg characteristics. Eggshell maculation is likely to be related to female condition due to the pro-oxidant nature of protoporphyrin pigments (Afonso et al. 1999) . For example, female Japanese quail (Coturnix coturnix japonica) in lower body condition after food deprivation allocated more protoporphyrin pigments to the eggshell (Duval et al. 2013b ). However, the authors of this study found no effect of the treatment or the female's condition on the spots' reflectance spectra (Duval et al. 2013b) . Several studies have found that associations between eggshell pigmentation and female condition may relate to calcium availability and eggshell thickness (see Cherry and Gosler 2010 for a review). Still, different components of eggshell pigmentation may provide different information. In great tits (Parus major), females with higher blood antioxidant capacity laid eggs with more evenly distributed spots (pigment spread) and higher yolk antioxidant capacity (Giordano et al. 2015) . Other studies, also in great tits, found no relationship between pigment spread and female condition, and instead reported that pigmentation darkness was negatively affected by parasite load (De Coster et al. 2012) , and positively related to female quality (De Coster et al. 2013) . In contrast, in the same species, Hargitai et al. (2016) found a negative association between pigment darkness and female quality. In blue tits, pigment spread has been positively related to egg characteristics that may indicate higher female quality (Sanz and García-Navas 2009 ) and maternal investment in yolk antibodies (Holveck et al. 2012) , while pigment darkness was positively related to female body size (Sanz and García-Navas 2009) . Thus, the relationship between egg pigmentation and individual quality requires further investigation in both members of the pair.
Ornaments can provide information about an individual's condition because the production and maintenance of ornaments impose both physiological and survival costs (Møller and Szép 2002; McGraw 2006b ). Additionally, the Hamilton and Zuk (1982) parasite-mediated sexual selection hypothesis proposed that individuals bearing the most exaggerated sexual trait signal higher resistance to parasites. Indeed, carotenoid colouration can be used as a proxy for individual quality, as it depends on access to carotenoids through diet and nutritional condition (McGraw et al. 2005) , and it can be related to parasitic infections (Hill 2006b ). Structural colours of feathers can also be condition-dependent (for a review, see Hill 2006a) . The relationship, if any, between achromatic colour patches and condition is, however, less studied (Prum 2006) . There is recent evidence for condition dependence of white colouration (Ferns and Hinsley 2004; Hanssen et al. 2006; Moreno et al. 2011 ), but it is inconclusive (Griggio et al. 2009 ). In order to study the functional basis of avian colouration, it is essential to measure quality in terms of avian vision by using models that take into account the receiver's visual perception (Endler and Mielke 2005; Stevens 2011 ). This approach is the most biologically informed with regard to how avian colour vision likely works and is based on a widely adopted and implemented tetrahedral colour space approach that is available in the literature at the moment (Stoddard and Prum 2008 ). An increasing number of bird colouration studies use colour vision metrics calculated from colour spaces in order to reveal how the colour properties of a given receiver may vary with other traits (i.e. eggshell pigmentation) (Walker et al. 2013; Dakin et al. 2016; Trigo and Mota 2016) .
Promiscuity has also been related to individual quality because males can enhance their reproductive success by mating with several females (Trivers 1972) . In recent decades, attention has focused on how females actively seek extra-pair matings (Charmantier et al. 2004 ), but male characteristics in relation to extra-pair paternity have also been intensively studied (Delhey et al. 2007; Forstmeier et al. 2014) . However, it is still unclear whether eggshell pigmentation relates to paternity. If eggshell pigmentation is related to some aspect of female condition, it could also be related to males seeking extra-pair fertilizations.
In this study, we explored the relationship between eggshell pigmentation and individual quality of breeding blue tits (C. caeruleus). As explained above, eggshell pigmentation variables such as pigment spread and pigment darkness (assessed by Gosler et al. 2000) are not equally related to female characteristics. Thus, we used spotting coverage as a measure of eggshell pigmentation. Recently, it has been reported that the area covered by spots is highly correlated with protoporphyrin concentration in the eggshell (Wegmann et al. 2015; Hargitai et al. 2016) . Although this was found in great tits, pigment deposition and eggshell patterning are very similar in blue tits (Flanagan and Morris 1975) . In addition, spotting coverage has been shown to correlate well with female quality in our study population (Martínez-de la Puente et al. 2007) , and it positively correlated with pigment spread in a blue tit population located nearby (Sanz and García-Navas 2009) . We used ornamentation, parasitic infections and extra-pair paternity as indicators of individual quality. Following the increasing number of bird colouration studies, we will use colour vision metrics to explore the relationship between eggshell pigmentation and plumage colouration. In the blue tit, ornamentation in the ultraviolet (UV) blue crown and the yellow breast feathers has already been used as a proxy for individual quality (Doutrelant et al. 2008) . Blue tits also feature sexually dichromatic UV colouration in the white cheek, albeit its signalling function remains unclear (Griggio et al. 2009 ). Furthermore, the population under study is infected by several avian malaria-like parasites with harmful effects on reproductive success (Merino et al. 2000; Martínez-de la Puente et al. 2010 ) and carotenoid colouration (del Cerro et al. 2010) . Structural colouration of feathers is an indicator of the history of parasitism in other bird species (Hill 2006a ), but to date, a direct relationship between blood parasites and eggshell spottiness has not been reported (although see Hargitai et al. 2016 ). In the blue tit, structural crown colouration has been related to individual quality and extra-pair paternity before (Delhey et al. 2007 ). Because crown colouration could not be measured in this study (see 'Methods' section), we explored the relationship between paternity and spotting coverage instead. Blue tits are socially monogamous, but some pairs frequently engage in extra-pair copulations (Kempenaers and Schlicht 2010) . The rate of extra-pair paternity in the present population is unknown, but in another blue tit population located nearby, nearly half of the nests contained extrapair nestlings (Garcia-Navas et al. 2014) . Finally, we also included other reproductive factors (body condition, clutch size and hatching date) and age as predictors of spotting coverage, as these may explain variation in eggshell pigmentation (López-Rull et al. 2007; Cherry and Gosler 2010) .
The main specific aims of this study were (1) to examine whether variation in eggshell pigmentation is related to secondary sexual characters (i.e. plumage colouration) and infection status in order to identify which characteristics from the breeding pair explain most of the variation in spottiness and (2) to test whether extra-pair paternity and cuckoldry correlate with variation in pigmentation. Secondary aims were to explore whether the female and her partner's age predict eggshell pigmentation, and to test breeding phenology and reproductive trait effects on spottiness. If poorer-quality females lay more spotted eggs, we expect that their male mates engage in more extra-pair copulations and suffer from less cuckoldry. Poorer-quality females would bear the costs of parasitic infections by showing duller plumage ornaments and pairing with lower-quality males. Alternatively, if females in better condition lay more pigmented eggs, males may invest more in their social pair, and consequently, the relationship between extrapair paternity and eggshell pigmentation should be the opposite. Higher female and male quality may be seen in less intense infections by parasites and more exaggerated colour traits. To our knowledge, we combined, for the first time, ornamental cues and condition variables in order to elucidate which female or male characteristics explained a higher proportion of the variation in eggshell pigmentation.
Methods

Study site and sampling
The study was conducted during the spring of 2012 on a population of blue tits breeding in a deciduous forest of Pyrenean oak (Quercus pyrenaica) in the vicinity of Valsaín (Segovia), central Spain (40°53′ N, 4°01′ W, 1200 m a.s.l.), where 300 wooden nest boxes are available. Blue tits occupy an average of 25% nest boxes per year (Merino et al. 1997) .
Nests were visited daily during laying, and the photographs were taken at the onset of incubation in order to avoid ectoparasite bite marks on the eggshell, which can increase during incubation (Avilés et al. 2009 ). The day after the last egg was laid, we carefully extracted all the eggs of the entire clutch from the nest and placed them in a soft foam rubber holder with grey background colour. Using an umbrella to shade the whole clutch, each egg was then photographed with a Canon IXUS 130 camera. Because we were not interested in the size or colour properties of the spots, but instead in the proportion of spottiness covering the egg surface, the distance between the camera and the egg and the varying light conditions were not limiting factors when taking photographs.
When nestlings were 3 days old (hatching date = day 0), adults were captured at the nest box. On day 15, nestlings were ringed and bled for paternity analyses. Adult birds were ringed, weighed to the nearest 0.1 g and aged according to plumage characteristics as yearlings or adults (i.e. two or more years old; see Svensson 1992) . Wing (±0.5 mm; method III following Svensson 1992) and tarsus (±0.1 mm) length were also recorded. Mass was corrected by regression for body size (tarsus length) and time of day (Senar 2002) . Female mass was not measured during the incubation or laying period so as to prevent nest desertion, but we assume that body condition of laying females is closely related to their condition when nestlings are 3 days old. No female desertion was found after manipulation. A blood sample was obtained via the brachial vein. One drop of blood was stored on an FTA card (Whatman, UK) for molecular analyses (parasitological analyses and paternity; see below). We also measured feather colour reflectance on two different patches: yellow breast in males and females, and white cheek in males. Although blue tits are sexually dimorphic on the white cheek (Griggio et al. 2009 ), we measured colour only in males in order to reduce handling time of the female and thus avoid nest desertion. Colour spectra were collected using a spectrophotometer (Ocean Optics Inc., Dunedin, FL, USA) connected to an Ocean Optics fibre-optic reflection probe. The probe was made up of seven optical fibres that were illuminated by a Pulsed Xenon Light Source (Jaz-PX lamp), and it was inserted in a miniature black chamber that acted as holder and excluded ambient light. The equipment was calibrated with a flat white standard (Ocean Optics) prior to each bird measured. Reflectance data from 300 to 700 nm were undertaken at 90°i ncidence and 3 mm from the feather surface over an illuminated circular area approximately 1 mm in diameter. Each spectrum was an average of three scans and was calculated relative to the reflectance produced by the white standard and a dark current. The probe was lifted between repeated measurements within a body region. The blue feathers of the blue tit crown are also sexually dimorphic in the UV, and their brightness has proved to signal male quality (Sheldon et al. 1999) . However, in this study, colour data for the blue crown were discarded due to technical difficulties (feather bristling in this patch could not be avoided with the holder provided by the manufacturer; see above). Additionally, some individuals had lost their crown feathers due to fights, thus making it difficult to position the holder.
Eggshell pigmentation scoring
Blue tits lay white eggs maculated with protoporphyrin-based red-brown spots (Martínez-de la Puente et al. 2007 ). Eggshell pigmentation was scored as spotting coverage using Adobe Photoshop CS (v. 5.1). In each egg, we measured the total area occupied by spots in pixels with respect to the total area of white in pixels. This method is highly repeatable in our study population (Martínez-de la Puente et al. 2007 ). Because the intra-clutch coefficient of variation was low (CV intra-clutch = 4.1 vs. CV inter-clutch = 9.5, F 40,237 = 5.37, N = 41, P < 0.0001), egg pigmentation values were averaged per nest and clutch size was included as an explanatory variable in the subsequent analyses. One observer scored 390 eggs from 41 clutches (EPB), those where we were able to collect colour and parasite data from both members of the social pair (see below). To minimize observer bias, blinded methods were used when pigmentation data were collected.
Parasite quantification
For all samples, DNA was extracted from blood using a standard ammonium-acetate protocol and stored at −20°C. This DNA solution was then purified using silica filters to obtain a higher-quality DNA (NZYGel pure, NZYtech, Lda. -Genes and Enzymes). DNA samples were quantified by spectrophotometry and adjusted to the same concentration (10 ng/μL). We detected and quantified the following parasites using quantitative PCR (qPCR) with SYBR green (SYBR Selected Master Mix, Applied Biosystems) to amplify a fragment of the cytochrome B or 18S rRNA genes using a pair of speciesspecific primers for each parasite: Haemoproteus majoris haplotype cyan2, Plasmodium spp. haplotype cyan1, Lankesterella valsainiensis and Leucocytozoon majoris haplotypes leuA, leuA1 and leuB. The variable Leucocytozoon A includes haplotypes A and A1 (see Badás et al. 2015 for more information on the primers used).
Molecular parentage analyses
Parents and nestlings were genotyped for eight microsatellite loci; information on microsatellites, primers and polymerase chain reaction (PCR) conditions is detailed in Table S1 . PCRs were carried out in 10 μL volume using a QIAGEN Multiplex PCR Kit (Qiagen, Valencia, CA) and 20-50 ng of template DNA. Fluorescently labelled PCR products were separated on an AB3730 DNA analyser. Subsequently, allele lengths were determined using Genemapper 4.0 software. For each nestling, the microsatellite genotypes were compared with its social father, and the offspring was assigned as extra-pair if there were at least two mismatches between the genotype of the social father and offspring. Extra-pair paternity (EPP) was assigned when one of the sampled males matched all of the offspring's paternal alleles. Paternity was assigned for 81% of all identified extra-pair fledglings (genotyped nestlings N = 607, extra-pair nestlings N = 84, assigned EP nestlings = 68; 79 nests) in the population using Cervus 3.0 (Kalinowski et al. 2007 ). Maternity of the social female was confirmed by the microsatellite data for all nestlings. The mean exclusion probability of the eight markers was calculated to be 0.99986 for the first (female) parent and 0.99999 for the second (male) parent (given the genotype of the first parent).
Models of bird vision
Colour vision in birds likely stems from four single cone types (Cuthill 2006), while luminance-based tasks are widely thought to stem from the double cones (Jones and Osorio 2004) . To model the UV-sensitive (UVS) blue tit visual system, we used their known photoreceptor spectral sensitivities (Hart et al. 2000) and extracted hue, saturation and luminance variables for each colour patch (Endler and Mielke 2005; Stevens et al. 2009 ) (see Online Resource, Figs S1 and S2). Based on a standard daylight 'd65' irradiance level (Vorobyev et al. 1998) , we processed the reflectance spectra for each patch in order to calculate the relative quantum (photon) catch values for the four single cones, used in colour vision, and the double cones, used in luminance vision (Endler and Mielke 2005; Stevens et al. 2009 ). Our measure of luminance, the perceived lightness of a patch (brightness), was simply the double cone photon catch values. To calculate saturation, the amount of colour compared with white light, we plotted the standardized single cone catch data for each individual in avian tetrahedral colour space (Stevens et al. 2009 ) and calculated the distance from the centre of the colour space (following Endler and Mielke 2005) . To calculate hue or colour type for the yellow patch, we derived colour channels based on using ratios from the photon catch outputs. This approach is broadly inspired by the way that opponent colour channels work in vision in encoding antagonistic colour types (Osorio et al. 1999) and is based on recent work following the same methods (Komdeur et al. 2005; Spottiswoode and Stevens 2011; Stevens et al. 2014) . The same colour channel ratio was described in Evans et al. (2010) as the ratio of medium, long and ultra-short wavelength cone types versus the short wavelength type (see Online Resource). Hue was not calculated for the white cheek because this is an achromatic ornament. Although hue and saturation colour variables may not necessarily relate to colour perception in birds, avian visual models that incorporate cone sensitivities of the bird's retina and light conditions have proved to be the most widely used approach to model avian colour vision and colouration (Stoddard and Prum 2008; Kemp et al. 2015) .
Statistical analyses
All analyses were performed in R version 3.1.3 (R Development Core Team 2015). Because we were interested in evaluating the effects of several characteristics of the breeding pair on eggshell pigmentation, partial least squares regression (PLSR) was the most appropriate tool for the analyses. PLSR is especially useful when the number of predictor variables is similar to or higher than the number of observations and predictors are highly correlated (Carrascal et al. 2009 ). Indeed, recent studies on bird ecology have shown that it is extremely robust with a small sample size and multicollinearity (Galván et al. 2014) . In this study, we used 41 females and 22 continuous predictor variables, and an overparameterized Gaussian GLM model showed high variance inflation factors due to multicollinearity (VIF > 5, Table S2 ). However, PLSR deals with over-parameterization, and we were able to regress the proportion of eggshell spottiness against the whole set of 22 variables (see Online Resource for further detail). The explanatory variables included clutch size, hatching date and several variables for both members of the social pair: body mass, plumage colour (see 'Results' for details on colour variables) and infestation scores for five different parasite species. In order to account for the fact that male colour variables included cheek ornamentation (whereas cheek colour was not measured in females), we run additional models with male and female variables separately and with identical variables for both sexes (i.e. excluding male cheek ornamentation). These models gave similar results (see Online Resource and Table S3 for further details).
Because the mixture of categorical and non-categorical indicators in the PLSR is not recommended (Jakobowicz and Derquenne 2007), we performed two additional PLSR analyses in order to explore the relationship between individual characteristics and age. The model gave similar results for yearlings but was not stable after cross-validation for adult birds, probably due to the reduced sample size and the presence of outliers (see Online Resource and Table S4 ). For this reason, the data presented here corresponds to the stable model without the categorical age variable. In order to test the interaction effect of male and female age on eggshell pigmentation, we used linear models. For most individuals, the exact age could be estimated using ringing records from the longterm monitoring project established for the study population (Merino et al. 1997) . Individuals for which the exact age could not be assigned were excluded from the analyses (i.e. new recruits from immigrants that were assigned a minimum age of 2 years). In the 2012 breeding season, the age of the male and female partners was not correlated (t = 1.23, df = 71, Pearson's correlation: r = 0.14, P = 0.22). The initial model included both age and its squared term in order to test linear and quadratic age effects. However, models including both the quadratic terms and the interaction term between female and male age showed high correlation between covariates (as evidenced by VIF > 20). Therefore, only the minimal adequate model with linear predictors and main effects is presented.
Finally, we evaluated the relationship between eggshell pigmentation and paternity. We used robust regression analysis based on leverage because the residual plots from a GLM approach revealed patterns due to influential points. Pigmentation scores were used as the dependent variable, and to most effectively distinguish the gain or loss of paternity, two variables were used as independent variables: cuckolded and extra-pair paternity. Both variables were converted to a binary trait (yes/no): cuckolded refers to a male that lost paternity with another male from the population and extra-pair paternity refers to a male that gained paternity in a different nest. Effect sizes were calculated as Cohen's d (Cohen 1998) . In this blue tit population, being cuckolded was independent of males having extra-pair nestlings (χ 2 1 = 0.33, N = 79, P = 0.56). After multiple testing on the same data, we used the false discovery rate (Benjamini and Yekutieli 2001) to correct all P values from the resulting models.
Results
Eggshell pigmentation, colour ornaments and parasitic infections
A total of 41 clutches (see 'Methods') were used in the PLSR analysis. The 22 predictor variables are detailed in Table 1 . The PLSR was well calibrated (critical Q 2 > 0 from crossvalidation; see Wold et al. 2001) , and the linear model revealed only one highly significant latent component (F 1,39 = 40.79, N = 41, P < 0.001) that accounted for 51.1% of the variation in eggshell pigmentation (Table 1) . After bootstrapping, the PLSR component accounted for an averaged 59.2% of the variation in eggshell pigmentation, ranging from 42.5 to 75.4% at 95% confidence interval.
The weights for eight predictor variables were significantly different from 0, indicating that these variables were stable in the PLSR component after bootstrapping (clutch size, female body mass, white cheek saturation in males, yellow breast saturation in males and females, infection by Leucocytozoon A in females and infection by Haemoproteus and Plasmodium in males; see Fig. 1 ). Briefly, increased eggshell pigmentation was related to females that were lighter,weremore saturatedintheyellow breast feathers, were more intensely infected by Leucocytozoon A and had smaller clutches. The male mates from those nests were in turn more saturatedinthe whitecheek, less saturated in the yellow breast feathers, significantly more intensely infected by Haemoproteus and less intensely infected by Plasmodium. Thus, eight predictor variables from females and males were responsible for 34.3% of the variation in eggshell pigmentation (Table 1) . Eggshell pigmentation was also explained by male plumage colour and male infestation by several parasite species. Male plumage colour accounted for 14.5% of the variation in eggshell spottiness (breast colour 9.5% and cheek colour 5%, but see additional analyses without cheek colour variables in the Online Resource), and male infestation by parasites for another 14.3%. Infection by Haemoproteus and Plasmodium in males explained 4.2% and 6.1% of the variation respectively. The prevalence of infection by these parasite species in blue tit males was high: 31.7% for Plasmodium and 97.6% for Haemoproteus.
Eggshell pigmentation and paternity
Overall, 43% of the nests (34/79) contained at least one extrapair young and 13% (84/607) of all offspring genotyped were sired by a male other than the social father. Eggshell pigmentation was significantly higher when males had extra-pair nestlings in a different nest (F 1,73 = 5.52, N = 77, P = 0.022, effect All predictor variables defining the single and significant (P < 0.05) latent component and their weights are shown. Variables that were significant after bootstrapping are in italics size Cohen's d = 0.6). In nests with more pigmented eggs, males tended to be marginally more cuckolded (F 1,73 = 3.01, N = 77, P = 0.087, effect size Cohen's d = 0.4).
Eggshell pigmentation and age
We found no significant effect of female age on eggshell maculation (F 1,68 = 0.15, N = 71, P = 0.7). However, male age was significantly related to eggshell pigmentation (F 1,68 = 5.52, N = 71, P = 0.022, effect size Cohen's d = 1.89), with older males attending nests with less pigmented eggs (Fig. 2) . The likelihood ratio test showed that the model with linear predictors and the interaction between female and male age were not significantly different from the null model (LR test, χ 2 2 = 6.1, N = 71, P = 0.11).
Discussion
In blue tits breeding in central Spain, we found that male characteristics explained most of the variation in eggshell pigmentation, with more pigmented eggs generally having paler Fig. 1 Bootstrapped weights and standard error for each predictor variable included in the PLS regression analysis. Negative weight values indicate a negative relationship with the response variable. When appropriate, significant P values are shown. Significant coefficients are indicated with an asterisk: *p < 0.05, **p < 0.01. Codes: CS clutch size, HD hatching date, f female, m male, sat saturation, lum luminance, Hae Haemoproteus majoris, Leuc Leucocytozoon majoris, Plas Plasmodium spp., Lank Lankesterella valsainiensis Fig. 2 Eggshell pigmentation in relation to male age. Eggshell pigmentation values refer to the proportion of pigments in each egg averaged per clutch (see 'Methods' section). Data are shown as mean ± standard error. The predicted regression line ± 95% confidence intervals (shaded area) are also indicated. Sample sizes for each group are shown above the bars and more parasitized fathers. With the use of a robust PLSR approach, we evaluated several characteristics from each individual at the same time. Thus, male blue tits that had higher parasitaemia by the blood parasite Haemoproteus (but less by Plasmodium) and showed lower saturation in their yellow breast feathers attended nests with more pigmented eggs. According to these, they were lower-quality males. Indeed, previous studies in the present population have shown that the blood parasite Haemoproteus exerts negative effects in the bird's performance (Merino et al. 2000; Martínez-de la Puente et al. 2010) , whereas the intensity of infections by other parasites like Plasmodium is very low and usually remains undetected (del Cerro et al. 2010) . Although Plasmodium infections are detrimental in other blue tit populations (Lachish et al. 2011 ), we found no significant effect on yellow colour in our population. Chronic infections by Plasmodium that show greatly reduced parasitaemia may bear minimal fitness costs of infection (Valkiūnas 2005) .
The effect of pathogens like malarial parasites on yellow colouration has been demonstrated in finches (Hill et al. 2004 ). Carotenoid colouration is thus likely to reflect the negative effects of parasitic infections by Haemoproteus. For the breeding season of 2012, we found that more intensely parasitized blue tit males were paler and that these males paired with females that laid more pigmented eggs. The paler yellow colour that we observed in 2012 was originated during the moult after the 2011 breeding season, but it may still reflect previous infection by Haemoproteus because relapses from malaria-like parasites are common during reproduction (Valkiūnas 2005) . In fact, bird colouration may signal male quality in terms of the individual's performance in the previous breeding season (Griggio et al. 2009 ). Data from the intensity of infection in the 2011 breeding season was not available, so this hypothesis needs further confirmation. In any case, it is possible that highly parasitized males were unable to provide enough extra-food resources to their laying partners due to reduced foraging ability (Marzal et al. 2005 ), which in turn laid more pigmented eggs. Though this hypothesis is at this stage speculative, it is further confirmed by our results on yellow colouration. Blue tit males with more saturated yellow breast feathers are known to be better foragers (García-Navas et al. 2012) .
Interestingly, males that were intensely parasitized by Haemoproteus and paler in their breast feathers also tended to have higher saturation values in their white feathers. White from unpigmented feathers is produced by incoherent scattering of all ambient light waves (Prum 2006), which ultimately depends on the feather microstructure. Because saturation refers to the amount of colour compared to white light (Stevens 2011) , white feathers should have low saturation values. Therefore, it is possible that higher saturation in the white cheek of the blue tit males also indicated poor condition. Other studies, however, could not find a link between white colouration and condition. Instead, it has been suggested to serve as a signal in a different context. For example, patch immaculateness in the white cheek predicted a higher social status and reproductive success in a similar species, the great tit (Ferns and Hinsley 2004) .
Several non-exclusive hypotheses that we detail further below might be considered to explain male effects on spotting coverage: (i) direct effect of poor/reduced courtship feeding due to the male's poor foraging ability, (ii) other aspects correlated with male condition, for example its territory, or (iii) differential allocation from females according to male ornamentation (Sheldon 2000) . First, pigment deposition in the eggshell may be affected by the male's ability to feed the female. The male blue tit feeds the female off the nest prior to laying, but because it is hard to detect in the field, this behaviour is often ignored (Royama 1966) . In fact, the extra-food resources required to lay the whole clutch may be over 150% the female's weight in small birds like the blue tit (Perrins 1970) , and a recent study supports the evolution of mate feeding to compensate for the nutritional limitation of females during the entire breeding period (see Galván and Sanz 2011 and references therein) . Thus, the food offered by the male prior to laying is likely to influence the female's condition and potentially eggshell spottiness. Our results support this, because female blue tits laying more pigmented eggs were likely to be in poor condition. This was shown by higher intensity of infection by the blood parasite Leucocytozoon A, reduced body mass and smaller clutches (but they were also more saturated in the yellow breast, discussed below). Besides, males could assess female quality using egg colour (Moreno and Osorno 2003) and female ornamentation, and thus adjust courtship feeding behaviour. Experimental confirmation of this is lacking, but changes in male provisioning rates to nestlings in response to female characteristics have been reported in other species (Soler et al. 2008; English and Montgomerie 2011) .
The second hypothesis to explain male effects on spotting coverage is that the increased eggshell pigmentation could be a by-product of the female's mate choice. When paired with lower-quality males, females may lay more spotted eggs because they are left with less food resources in the pair's breeding territory. Certainly, more spotted eggs are common in lower-quality habitats (reviewed in Gosler et al. 2005 ). Our results on male age and eggshell pigmentation are in agreement with this, because younger males attended nests with more spotted eggs and younger blue tit males in other European populations usually nest in lower-quality habitats (Amininasab et al. 2016) . Furthermore, this hypothesis could also explain why we found a negative relationship between female colouration in the yellow patch and female condition. Females that laid more pigmented clutches were more saturated in their breast feathers. The yellow colouration might reflect the bird's performance in the previous breeding season (see above), and thus, the reduced body mass in these females could just be a result of breeding in a poor territory in the present season. However, these females were also more intensely parasitized by a lineage of the parasite Leucocytozoon, and it may be that the effects of haematozoan parasites vary within breeding season, region and bird species (Hill 2006a) , or even between sexes. Thus, we remain cautious as to how we interpret this relationship in females. More experimental work is needed to understand accurately the link between parasitism and signalling for carotenoid colouration in females in our blue tit population. For example, including female cheek colour in future studies might reveal a clearer association between ornamentation and parasitism in relation to eggshell pigmentation.
Finally, we propose a third hypothesis to explain the relationship between male characteristics and eggshell spottiness. Female birds can adjust their investment in a particular reproductive event depending, for instance, on male colouration (Giraudeau et al. 2011) . Indeed, there is some evidence that females change clutch size depending on male ornaments (Velando et al. 2006) . Our results showed that more pigmented clutches from low-quality fathers were significantly smaller, which is in agreement with previous findings in female great tits (Hargitai et al. 2016) . Females may also compensate for mating with males in poorer condition by allocating more pigments to the eggshell if, for instance, this confers eggshell strength under calcium deficiency in poor breeding territories (Gosler et al. 2005) . Furthermore, more protoporphyrin-pigmented eggshells may also contain more biliverdin (Wang et al. 2009; Duval et al. 2013b) . Biliverdin is an antioxidant pigment that might be traded off against female antioxidant capacity (Moreno and Osorno 2003) and, together with protoporphyrin, has been shown to be responsible for background eggshell colour (Gorchein et al. 2009 ). Unfortunately, biliverdin concentration in the eggshell could not be assessed in this study because blue tit eggs were not collected for ethical reasons. Nonetheless, experimental evidence that a change in eggshell pigmentation/background is a direct response to male quality in blue tits is lacking.
According to our results on female condition, parasitic infections and extra-pair paternity, we suggest that poor-quality females laid more spotted eggs. However, two alternative hypotheses have been proposed to explain why females lay more brown-pigmented eggs (Moreno and Osorno 2003) : (i) highquality females that remove the damaging pigments from blood efficiently and deposit them in the eggshell or (ii) females in low condition that suffer from higher protoporphyrin levels in blood and are unable to remove them from their system, resulting in increased eggshell pigmentation because of the protoporphyrin excess. Previous studies in blue tits offer support for the first hypothesis: high-quality females might lay eggs with less distributed spots, concentrated in one end of the egg forming a 'corona' ring (Sanz and García-Navas 2009; García-Navas et al. 2011; Holveck et al. 2012) . On the contrary, Martínez-de la Puente et al. (2007) found, in our study population, that lower-quality females had increased levels of stress proteins, produced more spotted eggs and paired with lower-quality males. However, in great tits, Hargitai et al. (2016) also found that poor-quality females laid darker and more pigmented eggs. Female blue tits in our study population could be suffering carry-over effects from poor condition during the non-breeding season (Robb et al. 2008; Harrison et al. 2011) . Our findings concerning extra-pair paternity agree with the fact that females laying more pigmented eggs were in poor condition, because these clutches tended to have unfaithful fathers. Extra-pair copulations in blue tits are frequent during the females' fertile period, that is, during egg laying (Kempenaers et al. 1995) . Male blue tits could seek extra-pair copulations precisely because they are paired with low-quality females. This is in agreement with studies on other bird species that mated in low-quality environments (O'Brien and Dawson 2011; Yuta and Koizumi 2016) . Another possibility is that increased eggshell pigmentation signalled that females were in poor condition, and thus, males compensated for this by seeking extra-pair offspring. However, there is mixed support for the role of eggshell colour as sexually selected signals in cavity-nesting birds (Cherry and Gosler 2010; Reynolds et al. 2009 ), for which dim conditions inside the nest box were thought to make it difficult to discriminate by colour (Cassey 2009; Duval et al. 2013a) . Support for the ability to discriminate eggshell colour comes from recent avian visual models (Holveck et al. 2010; Gomez et al. 2014 ), but experimental evidence that this could be the case in wild blue tits is lacking. In addition to this, in our study, males attending more pigmented clutches tended to be marginally more cuckolded. This could be explained if males that engaged in extra-pair copulations unattended guarding activities in their social nest (Garcia-Navas et al. 2014) or if females sought extra-pair mates because their social male was also in poor condition. Some studies suggest that females can mate socially with low-quality males but seek extra-pair mates (Arct et al. 2015 ), but we must be cautious when interpreting this result because it is not clear whether the costs of extra-pair mating to females are higher than the benefits (Vedder et al. 2011; Forstmeier et al. 2014) . In fact, breeding pairs with no cuckoldry (from females) and no extra-pair paternity (from males) might be of higher quality. This is partially confirmed by the fact that egg pigmentation was marginally lower in those nests (Kruskal-Wallis test χ 2 3 = 7.4756, N = 77, P = 0.058), but further experiments are needed.
In conclusion, we showed that parasitic infections and ornamentation in both members of the breeding pair may be good indicators of eggshell quality, which in turn might have important implications for embryo development. We have also discussed how the male's age and extra-pair paternity may be related to eggshell pigmentation. Male blue tits' characteristics might be relevant to females during egg formation. The male's courtship feeding behaviour may have an effect on female condition and pigment deposition on the eggshell. Alternatively, females pairing with lower-quality males might deposit more protoporphyrin to the eggshell as a result of breeding in lower-quality territories, or they may adjust pigment deposition in response to lower-quality males, but these hypotheses require further confirmation.
